For a p ractical direct torque controlled (DTC) permanent magnet synchronous motor (PMSM) drive system, the information of the initial rotor position, which is usually obtained by a mechanical position sensor, is essential for starting under the full load. In order to avoid the disadvantages of using mechanical position sensors, great efforts have been made on the development of sensorless control schemes. This paper presents an initial rotor position estimation strategy for a DTC PMSM drive based on a nonlinear model of PMSM incorporating both structural and saturation saliencies. In the new scheme, specially designed high voltage pulses are applied to amplify the saturation saliencies. The peak currents corresponding to the voltage pulses are used, in combination with the inductance patterns, to determine the d-axis position and the polarity of the rotor. The presented initial rotor position identification strategy has been implemented in a sensorless DTC drive for a surface mounted PMSM. Experiments are conducted to confirm the effectiveness of the method and the performance of the drive system.
Introduction
For a permanent magnet synchronous motor (PMSM) drive, the rotor position information is essential for the inverter commutation to control the frequency and position of the stator current vectors. The rotor position information can be obtained by using mechanical position sensors or calculation with various sensorless schemes. With the wide application of the PMSM in different environments, sensorless schemes have become desirable for eliminating the handicaps of mechanical sensors, such as high system cost, limited operating condition, high maintaining requirement, and low system reliability. Among the modern control strategies adopted to drive the PMSM, the direct torque control (DTC) scheme is preferred because sensorless control scheme could be realised if the initial rotor position of the motor is known. Therefore, the accurate identification of the initial rotor position is crucial for a DTC PMSM drive.
The sensorless techniques can be roughly classified into two types: motional electromotive force (emf) and inductance variation [1] . As there is no motional emf induced at standstill, the method based on the motional emf cannot be applied to detect the initial rotor position. For the inductance variation method, the structural and magnetic saturation saliencies are employed, which occur in all types of PMSMs. Normally the current changing rate determined by the inductances as a function of rotor positions and stator currents can be directly and/or indirectly measured [2] . With the method, the initial rotor position can be accurately identified for the motors with large structural saliency, e.g. the interior PMSM. However, for the surface mounted PMSM, which does not have significant structural saliency, it has been a difficulty to detect the rotor position at zero or low speeds under load conditions. Numerous efforts have been made in this field by injecting signals to amplify the saturation saliency [3] [4] [5] [6] [7] [8] .
According to the types of the applied signals, the inductance variation detection technique can be broadly categorised as injecting either a high frequency signal [3] [4] or a special pulse width modulation (PWM) signal [5] [6] [7] [8] . The special PWM signal includes a series of voltage pulses [7] [8] . By analysing the inductance variation due to saturation saliency in a surface mounted PMSM, the amplitude variation of the three phase peak currents caused by several voltage pulses was utilised to estimate the d-axis of the rotor and rotor polarity [7] [8] .
Compared with the high frequency signal injection method, the method using the voltage pulses offers a less expensive, less complex, and less maintenance solution.
In this paper, an initial rotor position estimation scheme using voltage pulses is presented.
In order to numerically simulate the performance of new initial rotor position estimation, a nonlinear model of PMSMs which incorporates both structural and saturation saliencies has been investigated [9] [10] [11] [12] . In the model, the self and mutual incremental inductances of the phase windings are expressed by Fourier series as functions of the rotor position and stator currents. With the model, the initial rotor position estimation method is numerically simulated.
In this way, the effectiveness of the scheme could be analysed and evaluated before being implemented in the practical system. Experiments are also carried out. The validity of the proposed method is examined and confirmed through extensive experiments. Finally, the initial rotor position identification scheme is applied in a DTC scheme for implementation of a sensorless DTC drive system. The performance of the DTC scheme with the estimated initial rotor position is simulated, and the experiments have been conducted to verify the performance of the DTC PMSM drive system.
Nonlinear Model of PMSM with Saliencies

Flux linkage and circuit equations
In a PMSM, the operating point of the magnetic core is mainly determined by the rotor magnetic field, which is the dominant component. Meanwhile, the magnetic field produced by the stator current also contributes to the total magnetic field. Therefore, as an example, there are two components in the total flux linkage of phase a, ψ a . As described in (1), ψ as and ψ af are the flux linkage components produced by the magnetisation component of the stator currents, i ms , and rotor magnets, respectively, and θ is the rotor position. The flux linkage ψ as can be further separated into the three components, ψ aa , ψ ab and ψ ac , which depend on the three phase currents, i a , i b , i c , and the equivalent current of the magnetic field due to the rotor permanent magnet, i f . Although the ψ-i characteristic of the magnetic core is nonlinear, the magnetic circuit can be considered as piecewisely linearised around the operating point corresponding to a given rotor position [9] [10] [11] [12] . 
There are two components of the electromagnetic torque. One is produced by the stator currents and rotor magnets, and the other is caused by the saliencies.
Nonlinear Incremental Inductances
Experimental measurement of phase inductances
In order to measure the self and mutual inductances, which could be incorporated in the presented model, various rotor and stator fluxes for emulating the operating conditions should be produced during the experiment. A special method is designed to measure the self and mutual inductances. By this method, not only the structural saliency but also the saturation saliency can be mathematically reflected in the measured inductances.
The experiment is carried out on a 6-pole off the shelf surface mounted PMSM, and Table   1 lists the nameplate data of the testing PMSM motor. Different DC offsets, which are used to emulate the saturation saliency of the magnetic core due to the three phase currents, are 
Identification of nonlinear inductance with arbitrary rotor and stator flux
, , , 
where the coefficients and the number of terms of the Fourier series can be determined by the curve fitting of the experimental phase inductances with sufficient accuracy.
According to the experiments with DC offsets in the stator winding of each phase, the inductances at α=0º, 120º and 240º with several δ and i ms have been acquired. With (4), the self and mutual inductances at α=0º, 120º and 240º with arbitrary δ and i ms can be obtained.
Then, the interpolation technique is employed to estimate the inductance at arbitrary α, δ and i ms . 
Initial Rotor Position Estimation for a PMSM
Configuration of experimental setup and experimental principle
In order to obtain the rotor position related saliency information, several voltage pulses with high amplitudes and short duty are injected to the stator windings. These pulse voltages are produced by PWM inverters in a drive system and no additional hardware is required. The gate signals of the inverters are controlled by a dSPACE DS1104 system. The three phase currents are detected by Hall-effect current probes and are recorded by a digital oscilloscope.
The peak values of the three phase currents are used to estimate the initial rotor position.
Meanwhile, the actual value of the rotor position is detected from an optical encoder mounted on the shaft of the motor for verifying the estimation and the resolution of the encoder is 2500 counts per revolution.
The fundamental principle for this scheme is as following. At an unknown initial rotor position, a positive pulse is applied to one of the three phase terminals for a certain duty, while the terminals of the other two phases are applied with negative pulses. With this positive pulse, the positive peak current value is acquired. After that, the positive pulse is followed by a negative pulse and the negative pulses by positive pulses to bring the phase currents down to zero. Meanwhile, at the same rotor position, a negative pulse is applied to the same phase for the same duty, while the terminals of the other two phases are supplied with positive pulses. In this way, the negative peak current value is measured. After that, one positive pulse and two negative pulses are used to bring the phase currents down to zero. 
Factors determining peak currents
For the measurement of the peak currents, the peak current value is very sensitive to the applied voltage pulse and resolutions of the current probes, oscilloscope and peripheral devices. In order to demonstrate these effects, a series of high voltage pulses with the same duty and amplitude are applied to the motor. The current responses are obtained, and the difference among these peak current values can be detected. Since the peak current values are directly used for initial rotor position identification, the detection of these values with sufficient precision is necessary. Therefore, the factors which might affect the measuring accuracy should be studied.
At first, the remanent magnetisation and magnetic hysteresis effects are analysed.
Generally, there is some remanent magnetisation for magnetic core even without excitation currents. When a series of positive and negative voltage pulses are applied, the magnetic field is enforced or reduced in two directions. Even for the same type of voltage pulses at a given rotor position, the operating points of the magnetic field are different due to the remanent magnetisation and various path of the minor hysteresis loops, and hence the corresponding saturation saliencies are different. In order to avoid the peak current error due to remanent magnetisation and magnetic hysteresis effects, the number of voltage pulses should be increased to diminish the effects. Meanwhile, a series of additional positive and negative voltage pulses should be continuously applied before the peak current is measured.
Besides the magnetic characteristics, the duty and amplitude of the voltage pulse are also important. When the high voltage is applied in a short time, the amplitude of the voltage pulse should be kept as constant. To compensate the voltage drop of the PWM inverters during the rapid switching of the inverters, and to protect the inverters, some additional capacitors are used to stabilise the voltage pulses. At the same time, the duty of the voltage pulse should be carefully chosen, because the duty of the pulse is short and the length of the pulse will definitely affect the peak current values. In the testing system, a fixed sampling time has been determined as a multiple of the duty of the voltage pulses.
After the current responses have been obtained by the oscilloscope, the data will be negative ones are chosen, and only the current responses to the last four positive and negative pulses are captured, recorded and stored. As an example, the phase a current responses to the applied voltage pulses are plotted in Fig. 3 . From the peak current values determined by P1 to P4 or N1 to N4, it can be seen that the difference among the four peak current values is little.
By injecting this specially designed voltage pulses to the motor, the effects due to the above factors could be neglected. At a fixed rotor position, these voltage pulses are injected to phase a, b and c, respectively, and the corresponding currents are recorded and processed. The motor is mechanically rotated from one position to the next. 
Experimental peak current
The voltage pulse injection experiment as discussed above is conducted for the testing surface mounted PMSM. At every rotor position, the average value of the last four peak currents is defined as the value of the positive (or negative) peak current. At a given rotor position, the six peak currents corresponding to the positive and negative voltage pulses To assess the accuracy of the scheme, the estimation error is defined as, 
Initial rotor position estimation strategy
Implementation of a Sensorless DTC Drive
Sensorless DTC drive system
It has been mentioned that in a DTC PMSM drive system, it is possible to drive the motor without mechanical position sensors. In the conventional DTC, the amplitude of the stator flux is maintained as constant, and the torque is adjusted by tuning the load angle. In this scheme, only six voltage vectors are produced by the inverters. Normally, the DTC algorithm is implemented in the two phase stationary α-β reference frame. The α-and β-axis stator fluxes are calculated as [14] , ( )
where the subscript m refers to α and β, T s = t n+1 -t n is the sampling time in the digital control system, and R s is the phase resistance. Meanwhile, the electromagnetic torque is calculated by, 
where P is the number of pole pairs.
With the presented initial rotor position scheme, a sensorless DTC drive for the testing surface mounted PMSM is presented and the block diagram of the drive system is shown in Fig. 9 . Fig. 9 . Block diagram of the DTC system with the proposed rotor position estimation scheme.
Experimental system configuration
In order to verify the performance of the DTC drive, experiments should be carried out.
The testing system consists of the testing surface mounted PMSM, a torque transducer, and a DC motor as the load coupled to the same shaft. The torque transducer is installed between the testing PMSM and the DC motor to monitor the load torque and rotor speed. The parameters of the PMSM have been listed in Table 1 
Experimental results
Experiments
Conclusions
In this paper, an initial rotor position estimation strategy for a DTC PMSM drive is presented. In the scheme, high voltage pulses are applied to amplify the saturation saliencies and corresponding peak currents are used, in combination with the inductance patterns, to determine the d-axis position and polarity of the rotor. The scheme can be simulated by using a nonlinear model of PMSM incorporating both structural and saturation saliencies, which are reflected in the winding inductances. The presented strategy has been implemented in a sensorless DTC scheme for a surface mounted PMSM. Experiments of the DTC system have been conducted. The effectiveness of the method and the performance of the DTC drive system have been confirmed by the experimental results.
